Abstract. The voltammetric behavior of three cephalosporins
INTRODUCTION
Cephalosporins are antibiotics with a broad spectrum of antimicrobial and antibacterial properties. These compounds contain a β-lactam ring which is fused with a six-membered dihydrothiazine cycle bearing substituents attached to C-3 (R 1 ), C-4 (COOR 2 ) and C-7 (NHC(=O)R 3 ). The cephalosporins: ceftazidime (CFZ), cefuroxime-axetil (CFXA) and ceftriaxone (CTRX), whose structures are presented in Table 1 , are second and third generation cephalosporin derivatives widely used in clinical therapy of severe infections [1] [2] . The "generation" classification is based on general features of the observed antimicrobial activity. Third generation cephalosporins are generally less active than the first-generation agents against Gram-positive cocci, but they are much more active against the Enterobacteriaceae, including penicilinase-producing strains. A subset of agents that belong to the third generation is also active against Pseudomonas aeruginosa [3] . Their activity is exerted through the inhibition of the biosynthesis of the bacterial wall, which leads to the lysis of microorganisms [4] .
During the last two decades, a number of electroanalytical techniques for sensitive and selective determinations of a number of these antibiotics in pharmaceutical dosage forms or in biological fluids were developed [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Advantage of electrochemical procedures for analyses of drugs and biological material is that they often do involve only limited or no pre-separation, which would not only be time-consuming, but also a possible source of errors.
The reduction pattern of numerous cephalosporins at mercury electrode was reported by many authors [15] [16] [17] . Reduction of the methoxyimino group from the cephalosporin C-7 side chain is not adsorption free and can be preferably described as strongly influenced by the adsorption on the mercury surface. The reduction of the methoxyimino group occurs in two step pathway [18, 19] : the N-OCH 3 group is being protonated and than N-O bond is cleaved, yielding an imine (1) which is subsequently protonated and reduced to an amine (2) as follows:
However, in more acidic solutions the protonated form of cephalosporin can be reduced easier in a simple four-electron step to produce an amine (3).
The occurrence of a single four-electron reduction peak is caused by the vicinity of the reduction potentials of oxime and intermediate imine.
Methoxyimino group is not the only electroactive site in these cephalosporin molecules. The unsaturated C=C bond (C-3 -C-4 position) is also reduced in twoelectron process [15] , resulting in the presence of one additional cathodic peak at more negative potential.
Electrochemical properties of CFZ were investigated using differential pulse polarographic method [14] , different voltammetric techniques based on its adsorption [20] , using an indirect method based on adsorptive accumulation as a mercury salt [21] , and with reactive accumulation on a poly-L-lysine modified mercury electrode [22] . Most of these methods used hydrolyzed CFZ in alkaline medium.
Electrochemical behavior of CTRX was often investigated [12, [23] [24] [25] [26] [27] , but certain number of difficulties in its determination is reported. All authors agree that CTRX is strongly adsorbed at electrode surface what may cause the instability of the signal in acid medium.
In contrast to CFZ and CTRX, there are no literature data about the CFXA electrochemical determination.
The aim of this work was to investigate the voltammetric behavior of selected cephalosporins, and to define the optimal conditions for their sensitive and precise differential pulse voltammetric determination.
MATERIALS AND METHODS

Instrumentation
The voltammetric measurements were performed with a µAutolab analyzer (EcoChemie, Utrecht, The Nederlands). A Metrohm 663 VA Stand was used with the threeelectrode system: hanging mercury drop electrode (HMDE) as working electrode, Ag/AgCl/3M KCl reference electrode and glassy carbon (GCE) auxiliary electrode.
An Ultrasound bath and Radiometer pH meter, PHM 220, with appropriate standard buffer solutions were used.
The spectrophotometric measurements were carried out using a Cintra 20 spectrophotometer (GBC Scientific Equipment, Braeside, Australia) with 1.0 cm path length quartz cells. The solutions were scanned from 190 nm to 400 nm with spectral bandwidth of 1.0 nm and scan speed of 120 nm min 1 . Britton-Robinson (BR) buffer solution, used as supporting electrolyte for voltammetric measurements was prepared in a usual way [28] . All reagents were of analytical grade, and all solutions were prepared in doubly distilled water. Measurements were performed at room temperature.
Reagents and solutions
Procedure for sample preparation
Stock solutions of 1 × 10 -3 M CFZ, CFXA and CTRX standards were prepared in doubly distilled water and stored at 4 C. More diluted solutions were prepared daily from the stock solutions.
Ten Ceroxim tablets were weighted and their average mass was calculated. Then all tablets were powdered, and 56.79 mg of powder was dissolved in 25 ml of doubly distilled water, filtrated and used for analysis.
1 g of Ceftazidime and 1 g of Longaceph powder for injection solutions were dissolved in 100 ml of doubly distilled water and appropriate aliquots were used for analysis.
Procedure for voltammetric analysis
Cyclic voltammetry: In electrochemical cell 14.7 ml of BR buffer of different pHs was transferred, de-aerated for 10 min with high purity nitrogen, and 0.3 ml of stock solutions were added to make final concentration of cephalosporins 2 × 10 -5 M. The solution was purged for another 3 min and cycle voltammograms were recorded with the scan speed of 5200 mVs -1 and drop size 2 a.u. DP voltammetry: An aliquot of 15 ml of BR buffer solution was introduced into electrochemical cell and de-aerated with pure nitrogen for 10 min. After 10 s of rest period, a differential pulse voltammetry was applied in negative direction over the range of 0.0 V to 1.2 V vs. Ag/AgCl/3 M KCl reference electrode, under the following conditions: scan rate 5 mVs -1 , pulse amplitude 50 mV, pulse width 50 ms. After the background voltammogram had been recorded, aliquots containing 1.5 and 15 µL of the stock solution of CFZ, CFXA and CTRX separately, were added to the cell and under the same conditions DP voltammograms were recorded at a new drop. The quantification was performed by standard addition method under the optimized conditions.
Procedure for UV-VIS spectrophotometric analysis
An aliquot of 2 ml of the CTRX stock solution (1 × 10 -3 M) was transferred to 10 ml calibrated flask and the volume was made up to the mark with BR buffer solution, pH 3.0. The absorption spectra were recorded from 190 nm to 400 nm, every five minutes, during 40 minute period, against BR buffer solution, pH 3.0. The absorbance at 195 nm and 264 nm was measured at each spectrum.
RESULTS AND DISCUSSION
The voltammetric behavior of CFZ, CFXA and CTRX, has been examined in pH range 2.08.0 by using CV and DPV. In acid medium, at pH 4, two well developed reduction peaks are present in the voltammograms of all three cephalosporins. The first one (I), occurred at potentials between -0.40 V and -0.76 V, and the other one (II) at more negative potentials between -0.90 V and -1.10 V (Fig. 1) . According to above mentioned reduction pathway (equations 1-3), it can be assumed that peak I is due to four-electron reduction of methoxy-imino group (in CFXA and CTRX) or substituted methoxy-imino group (in CFZ), and peak II appears as a consequence of the reduction of unsaturated C=C bound in cephalosporin ring of all three molecules.
DP voltammograms of 2×10
-5 M of CFZ, CFXA and CTRX at pH 4 were recorded in the potential range from 0.0 V to -1.2 V. Again, two well developed reduction peaks were obtained in the voltammogram of each cephalosporin. These peaks corresponds to peaks (I) and (II) obtained by cyclic voltammetry.
Influence of the pH of the supporting electrolyte
The effect of the pH on the peak potentials and currents of the peak I is presented in Fig. 2 . For all investigated drugs peak potential (E p ) is shifted to more negative values with the increase of pH indicating the involvement of the H + ions in the electron transfer process. Plots of E p versus pH showed two linear segments (Fig. 2a) , with intersection indicating an acid-base equilibrium involving protonation of the methoxy-imino group. At pH > 7, CFZ and CTRX exhibit the splitting of the peak I, while CFXA even at pH 8 still shows one peak, what is in the accordance with the highest pH value obtained for intersection of two linear segments.
The current of the cathodic peak I for all three cephalosporins is pH dependent, as shown in Figure 2b . CFZ and CFXA showed well defined peaks of similar shape and current intensity. However, CTRX peak I shows several times higher intensity and extremely sharp shape. This kind of shape indicates very intense adsorption of the drug molecule on the electrode surface, and according to other authors [24] , the reorientation also, what causes very high but not reproducible peak currents.
The peak current of CFZ is increasing with the pH increase, reaches its maximum at pH 3.5, and then stat to decrease. CFXA shows the highest current values in acid solutions, at pH 2.0, and it decreases monotonously as the solution is getting more alkaline (Figure 2b ). According to the obtained results it can be assumed that the nature of the cathodic process in acidic solutions for CFZ and CFXA is diffusion controlled, while in the case of CTRX in acid medium, the process is dominantly controlled by the adsorption, (Section 3.2), what is supported by the fact that the slope of the obtained dependence is more than ten times larger comparing to slopes obtained for CFZ and CFXA.
Reduction of the unsaturated C=C bond in the C3 position of all the investigated cephalosporins showed that its peak potential and current are also pH dependent and the effect of the scan rate shows the usual behavior for the diffusion controlled process. Due to the negative reduction potential of peak (II), and its vicinity to the background discharge current, it was not suitable for analytical purposes.
The irreversibility of all reduction processes represented by peaks I and II was confirmed, since no anodic peak was observed in the whole pH range.
Adsorptive character and chemical stability of ceftriaxone
A plot of the logarithm of the CV peak current vs. logarithm of the scan rate gives a straight line with different slopes. The slopes obtained at pH 3.0 for CFZ and CFXA are 0.520 and 0.519 respectively, what is close to the theoretical value of 0.5, expected for the diffusion controlled process [29] . However, at the same pH 3.0 the slope obtained for CTRX is 0.886 (theoretical value for the adsorption controlled process is 1.0 [29] ), and thus once again, indicates the strong influence of adsorption. -7 M CTRX (pH 3), by applying an accumulation potential of -0.2V, considerably higher peak current was obtained compared to current without the preconcentration, but the signal showed significant instability. In order to investigate whether the signal instability is caused by the chemical instability of CTRX in acid solution, or simply by the different intensity of cathodic current obtained under different orientation and adsorption of drug molecules, UV-VIS absorption spectra were recorded.
Spectrophotometric analysis showed chemical stability of CTRX in BR buffer pH 3. The absorption spectra of aqueous solution CTRX shows two absorption maxima, at 195 nm and 264 nm (Figure 3) . During the 30 minutes the spectra was unchanged which is long enough to perform the analysis. According to these results it was suggested that the instability of voltammetric signal is due to adsorption phenomena.
In order to avoid the instability of the voltammetric signal, it was necessary to find the conditions under which the CTRX adsorption is minimized. According to Figure 2b this may be possible in alkaline medium where the CTRX peak current decreases to the values comparable to current obtained by two other investigated cephalosporins. Representative CV and DP voltammograms of CTRX in BR buffer solution at pH 8 are presented in Figure 4 . In alkaline medium, at pH higher then 7, peak I split. DP voltammograms of 5×10 -6 M were recorded as a function of time, showing that peak Ia, present at the potential of -0.88 V is stable and can be used for further analysis. Under these conditions at pH 8, a linear response of Ip with the square root of the scan rate was obtained for
)  0.0485 (r = 0.9992) indicating the diffusion controlled process. Also, a plot of the logarithm of the peak Ia current vs. logarithm of the scan rate gives a straight line with decreased slope of 0.513. 
Method validation
According to the obtained results, well defined, stable DPV cathodic peaks which are suitable for determination of the drugs were selected. For CFZ peak I at pH 3.5 (-0.36V), for CFXA peak I at pH 2.0 (-0.29V), and for CTRX peak Ia at pH 8.0 (-0.88V) were chosen.
Several experimental parameters were examined in developing a suitable analytical procedure for the determination of CFZ, CFXA and CTRX. The study was done with 5×10 -7 M in BR buffer pH 2 for CFXA, pH 3.5 for CFZ and pH 8 for CTRX. The scan rate 5 mV/s, pulse amplitude of 50 mV and pulse width 50 ms were further applied. The chosen working condition were drop size 2, without stirring and rest time was 3 s.
Following DPV onto HMDE linear calibration graphs were obtained for all analytes. Limits of detection (LOD) and quantification (LOQ) were calculated using following equations LOD = 3SDa/b and LOQ = 10SDa/b, where SDa represents the standard deviation of intercept, and b is the slope of the calibration curve [30] . Obtained results are present in Table 2 . Good linearity was obtained for all analyzed cephalosporins. The lowest detection limit, LOD = 1.38×10 -2 µg/ml, is obtained for CFXA. The acceptance criterion for the correlation coefficient was 0.99 or more, and as presented in Table 2 , all calibration curves fulfilled this criterion. Comparing the results obtained for CFZ and CFXA in acid medium with results for CTRX obtained in alkaline medium, it is confirmed that pH 8 may be exploited for CTRX determination with equally good sensitivity and correlation coefficient.
The DPV method for determination of CFZ, CFXA and CTRX was tested in terms of repeatability and intra-day precision and accuracy. Repeatability of the results was evaluated by performing five replicate measurements for three different concentrations of all three investigated drugs (Table 3) . Mean recoveries of 98.04-101.29 % with RSD 0.36-2.47 % were achieved showing good repeatability of the method. The precision and accuracy of the proposed procedure were investigated by intra-day determinations of CFZ, CFXA and CTRX. Nominal acceptance criteria for accuracy and precision was that percent deviation of the mean concentrations falls within ±2% of the nominal value, and relative standard deviation of each sample must be within 2%. The results are within the acceptance criteria indicating good accuracy of the method proposed.
Applicability of the methods
The proposed DP voltammetric procedure was successfully applied for the direct determination of CFZ, CFXA and CTRX in their pharmaceutical dosage forms: Ceftazidime powder, Ceroxim tablets and Longaceph powder for injection solution, respectively. The amount of the investigated cephalosporin in pharmaceutical formulation was determined by the method of standard addition. Recorded DP voltammograms of Ceftazidime, Ceroxim and Longaceph solutions are presented in Fig 5 .
The accuracy and the precision of the method were tested by performing five replicate measurements for two different concentrations of all three investigated pharmaceutical formulations. Mean percentage recoveries of 96. .97 % with RSD 1.15-5.11 % were obtained indicating that the proposed method is applicable to the analysis of all three investigated cephalosporins ( Table 3 ). The obtained results showed that proposed DPV method could be used for successful determination of investigated cephalosporins in dosage form without any previous sample preparation regardless their compositional complexity. 
CONCLUSIONS
The electrochemical behavior of investigated cephalosporins CFZ, CFXA and CTRX, at the mercury electrode was studied by applying CV and DPV. The results obtained in acid solutions showed that CFZ and CFXA undergo irreversible, diffusion controlled, reduction processes, but CTRX reduction is strongly influenced by the adsorption. Due to the adsorption and reorientation of CTRX molecules at the mercury surface, its voltammetric response showed considerabe current instability. This problem was overcame by applying the analysis in alkaline medium, pH 8, where and CTRX undergo irreversible, diffusion controlled, reduction processes. Based on these findings, DPV method for the determination of CFZ and CFXA in acid medium, and for the determination of CTRX in alkaline medium, was developed and suggested. The proposed method is fast, simple, sensitive and precise and can be applied for determination of cephalosporins in pharmaceutical dosage forms: Ceroxim tablets, Ceftazidime powder and Longaceph powder for injection solution. The method is described for assay of pharmaceutical preparations without the necessity for sample pretreatment or time-consuming extraction steps, and therefore can be suggested as a good alternative for the routine quality control of these antibiotics.
